Conducive polymers have a wide range of applications originating from their π-conjugated systems. The redox reactions of conductive polymers with doping and dedoping of anions have been applied to cathodes for charge storage. In contrast, the redox reactions with cations have not been fully studied in anodes for charge storage. Here, we found that the nanostructures of conductive polymers, such as polypyrrole (PPy) . The introduction of a carboxy group to the pyrrole and thiophene rings enhanced the specific capacities up to 730 and 963 mAh g -1 , respectively. The enhanced electrochemical properties were not observed in the bulk-size conductive polymers. The results suggest that conductive-polymer nanostructures have potential for developing metal-free, high-performance charge storage devices.
Introduction
Conductive polymers have electrochemical, electronic, and photochemical properties originating from their π-conjugated system . The electrochemical redox reactions with doping and dedoping of anions (p doping) have been studied for charge storage applications (Fig. 1a) , such as aqueous redox capacitors and lithium-ion batteries [13] [14] [15] [16] [17] [18] [19] [20] [21] . The theoretical capacity is determined by the doping level, such as 136 mAh g -1 for polypyrrole (PPy) with a maximum 33 mol% anion doping and 82 mAh g -1 for polythiophene (PTp) with 25 mol% anion doping 13, 16, 19, 21 . The improved electrochemical properties were achieved by the design of the molecules and morphologies 17, [21] [22] [23] [24] [25] [26] [27] [28] . Our group reported new methods for the simultaneous synthesis and morphology control of conductive polymers using solid-state oxidant crystals [24] [25] [26] [27] [28] . In contrast, the electrochemical redox reactions of conductive polymers with doping and dedoping of cations (n doping) have not been fully studied for charge storage applications (Fig. 1b) . In earlier works 16, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , conductive polymers, such as polyacetylene (PA) [29] [30] [31] , PPy 32 , PTp [33] [34] [35] , and polyacene derivatives [36] [37] [38] , showed redox reactions with n doping in the potential range of 2.0-0.5 V vs. Li/Li + . The earlier works concluded that the n-doping reaction is not suitable for the anode-active material in lithium-ion batteries because of the low specific capacity and structure instability 16 . Moreover, the redox reactions of conductive polymers lower than 0.5 V vs. Li/Li + were not explored in previous works (Fig. 1c) . Here, we found that the reversible multiple redox reactions of conductive polymers, such as PPy and PTp derivatives, proceed with the charge and discharge of Li + within 3.0-0.01 V vs. Li/Li + (Fig. 1b, c ). The introduction of carboxy groups to the pyrrole (Py) and thiophene (Tp) rings induces a drastic increase in the specific capacity. Furthermore, the nanostructures of the conductive polymers play important roles in the enhanced electrochemical properties. Nanoparticles of PPy and PTp with carboxy groups (PPy-COOH and PTp-COOH) have specific capacities of 730 and 963 mAh g -1 , respectively, at 20 mA g -1 with stable cycle performances. In recent years, redox-active organic materials based on π-conjugated molecules have attracted much interest as high-performance anodes for lithium-ion batteries [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . The π-conjugated molecules with carboxy substituents, such as phthalic acid and muconic acid, have a reversible redox reaction based on lithium alkoxylation at approximately 1.0 V vs. Li/Li +41,42 . At potentials lower than 1.0 V vs. Li/Li + , a redox reaction with the charge and discharge of multiple Li + ions was reported for a π-conjugated system with carboxy substituents [43] [44] [45] [46] [47] [48] [49] [50] [51] . Although a high specific capacity was found with low-molecular-weight compounds (Table S1 in the Supplementary Information) [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , their solubility and low conductivity caused problems with the cycle stability. A high specific capacity and cycle stability were achieved with polymer-based anodes, such as polydopamine and heterocyclic ladder polymers (Table S2 in  the Supplementary Information) [52] [53] [54] [55] [56] . However, the design strategies for the molecules and hierarchical morphologies were not fully studied to achieve further improved properties in polymer-based anodes. Here, we focused on conductive polymers because molecular and morphological designs have been extensively studied in previous works [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
If conductive polymers are used as the anode in lithium-ion batteries, design strategies for the molecules and morphologies can be effectively applied to enhance the electrochemical properties. Here, we found overlooked electrochemical properties of conductive polymers, such as PPy-COOH and PTp-COOH, within 3.0-0.01 V (Scheme 1). Both the molecular structures and nanoscale morphologies influence the electrochemical properties. The conductive-polymer nanostructures showed multistage redox reactions with Li + within 3.0-0.01 V vs. Li + (Fig. 1b,  c) . The PTp-COOH nanostructures had the highest specific capacity, namely, 963 mAh g -1 at 20 mA g
, with a high cycle stability and Coulombic efficiency. In contrast, enhanced properties were not observed with the bulk-size conductive polymers. The present study indicates the overlooked potentials of conductive polymers as highperformance organic anodes.
Materials and methods

Synthesis of the conductive-polymer nanostructures
All reagents were used as purchased without purification.
Synthesis of PPy
A monomer solution containing 0.72 mmol of Py (TCI, 99.0%) was prepared with 25 cm 3 of 2-propanol (Kanto, 97%). Then, 2.5 mmol of copper chloride dihydrate (CuCl 2 ·2H 2 O, Kanto, 99.7%) was added to the monomer solution. When PPy particles with a larger size were synthesized, the same concentration of iron chloride anhydrous (FeCl 3 , Kanto, 96.0%) was used as the oxidant in chloroform (Kanto, 99.0%). The solutions were stirred at 25°C for 24 h. The resultant precipitate was filtered, washed with 1.0 mol dm -3 hydrochloric acid (HCl) and toluene, and then dried at room temperature.
Synthesis of PPy-COOH
A monomer solution containing 0. 
Commercial PTp
Commercial PTp (Aldrich, poly(thiophene-2,5-diyl), bromine terminated) was used because the sample had nanostructures. 3 . These solutions were stirred for 24 h at 60°C. The resultant precipitate was filtered, washed with 1.0 mol dm -3 HCl and toluene, and then dried at room temperature.
Synthesis of PTp-COOH
Structure characterization
The structures of the conductive polymers were characterized by Fourier transform infrared (FT-IR) absorption spectroscopy (JASCO, FT/IR-4200) and X-ray photoelectron spectroscopy (XPS) (JEOL, JPS-9010TR). Calibration of the peak position in the XPS profile was performed by the peak of Au 4f 7/2 . The powder samples were mixed with potassium bromide (KBr) for the FT-IR analysis. The composition was estimated from the CHN elemental analysis. The remaining metal content was analyzed by thermogravimetry (TG, Seiko, TG/DTA7200) under air conditions. The morphologies of the conductive polymers were observed by field-emission scanning electron microscopy (SEM, Hitachi S-4700, and JEOL JSM7600F) operated at 3.0 or 5.0 kV.
Electrochemical properties
The electrochemical properties were measured using a three-electrode setup in a twin-beaker cell. The working electrode was prepared by mixing 60 wt% conductive polymer as the active material, 30 wt% acetylene black as a conductive carbon, and 10 wt% poly(vinylidene fluoride) (PVDF) as the binder. The weight of the active material was approximately 1 mg. A slurry of these materials with a small amount of N-methyl-2-pyrrolidone (Junsei Chemical, 99%) was dropped on a copper mesh as a current collector. The counter and reference electrodes were composed of lithium metal. The electrolyte was 1 mol dm -3 lithium perchlorate (LiClO 4 ) in ethylene carbonate (EC) and diethyl carbonate (DEC) (1/1 by volume). Chronopotentiometry was performed using a charge-discharge measurement system (Hokuto Denko, HJ1001SD8) with a cut-off voltage between 3.0 and 0.01 V vs. Li/Li 
Density functional theory calculations of the energy levels
The energy levels of the unoccupied molecular orbitals were estimated by density functional theory (DFT) calculations using Gaussian software. The structure optimization was performed on tetramers of Py, Py-COOH, Tp, and Tp-COOH. Then, the energy levels were calculated by B3LYP.
Results
Nanostructures of PPy, PTp, PPy-COOH, and PTp-COOH Nanostructures of four conductive polymers, PPy, PTp, PPy-COOH, and PTp-COOH, were prepared to study their electrochemical properties (Scheme 1). The detailed synthetic procedure and structure characterization are described in the Supplementary Information. The nanostructures of PPy, PPy-COOH, and PTp-COOH were synthesized by chemical oxidative polymerization (Fig. 2) . Commercial PTp was used as the nanostructure sample. The characteristic absorption peaks assigned to those polymers were observed in the FT-IR spectra ( Fig. 2a and the Supplementary Information). The detailed peak assignments are described in the Supplementary Information. The CHNS elemental analysis supported the formation of conductive polymers even though some nonconjugated part was included (Table S3 in the Supplementary Information). The formation of these conductive polymers was also supported by the XPS results ( Figure S1 in the Supplementary Information). The weight percent of the remaining species was estimated to be less than 0.09% for PTp-COOH from the TG analysis. The remaining species were not detected for PPy, PPy-COOH, and PTp after heating them up to 1000°C by TG analysis (Figure S2 in the Supplementary Information). In addition, trace metals originating from the oxidative agents were not detected in the XPS analysis ( Figure S1 in the Supplementary Information). All of the polymers showed nanostructures approximately 200 nm in size (Fig. 2b-e) . PPy, PPy-COOH, and PTp-COOH had nanoparticles 311 ± 81, 177 ± 53, and 165 ± 41 nm in diameter, respectively (Fig. 2b, c, e) . Nanoflakes approximately 300 nm in size were observed for the aggregate of commercial PTp (Fig. 2d) . ( Fig. 3a, c) . CV was performed on these polymer nanostructures at 1 mV s -1 (Fig. 3b, d ). The electrochemical properties of these polymers were measured in EC/DEC (1/1 by volume) containing 1 mol dm -3 LiClO 4 using a three-electrode setup in a twin-beaker cell. The working electrode was prepared by mixing 60 wt% conductive polymer as the active material, 30 wt% acetylene black as a conductive carbon, and 10 wt% PVDF as the binder. The molar ratio of the electrochemically incorporated Li + to the monomer unit (x) in the redox reaction was estimated from the specific capacity of the second discharge cycle (Fig. 3 and Table 1 ) because the first cycle included the irreversible capacity corresponding to formation of the solid electrolyte interphase ( Figure S3 in the Supplementary Information). Although the proton of the carboxy group exchanges with Li + by ion exchange in the electrolyte solution and/or the first reduction reaction, this Li + is not counted in the x value. In other words, lithium carboxylate is not included in the calculation of the specific capacity. The discharge curve of the PPy nanoparticles showed a two-step potential change within 3.0-0.01 V vs. Li/Li + at 20 mA g -1 (Fig. 3a) . PPy as an anode had a specific capacity of 157 mAh g -1 with x = 0.382 after the contribution of the conductive carbon to the specific capacity was subtracted ( Figure S4 in the Supplementary Information). The specific capacity and x, except the charge-discharge curve, are shown in the present report after the capacity resulting from the carbon was subtracted ( Table 1 ). The specific capacity drastically increased up to 730 mAh g -1 with x = 3.03 for the PPy-COOH nanoparticles ( Fig. 3a and Table 1 ), although PPy-COOH showed a two-step potential change similar to that of PPy. The CV curves showed the current corresponding to the redox reactions of the PPy and PPy-COOH nanostructures in the same potential range as that observed in the charge-discharge curves (Fig. 3b) . The introduction of a carboxy group induced a drastic increase in the specific capacity. The electrochemical properties of the PTp and PTp-COOH nanostructures were similar to those of the PPy and PPy-COOH nanostructures (Fig. 3c,  d and Table 1 ). PTp and PTp-COOH showed specific capacities of 44.4 mAh g -1 with x = 0.136 and 963 mAh g -1 with x = 4.53, respectively. As studied in previous works 16, [32] [33] [34] [35] , the electrochemical properties of PPy and PTp were not as high. In contrast, the introduction of carboxy groups to the Py and Tp rings plays an important role in the drastic increase in the x and specific capacity ( Table 1 ). In the electrochemical characterization, the x values in the charge-discharge reaction were reproducible for the same types of conductive polymers (Table S4 in the Supplementary Information).
Cycle stability, rate performance, and particle-size effect
The cycle stability, rate performance, and particle-size effect were studied for PPy and PTp-COOH (Fig. 4 and Figure S5 in the Supplementary Information). A reversible charge-discharge reaction was observed for the PTp-COOH nanostructure at a higher current density (Fig. 4a) . However, the specific capacity of PPy was low ( Figure S5 in the Supplementary Information). The specific capacity of the PTp-COOH nanoparticles was 190 mAh g -1 at 500 mA g -1 (Fig. 4a ) and was reproducible ( Figure S6 in the Supplementary Information). Particles with larger sizes, such as 7 μm for PPy and 1 μm for PTp-COOH, were prepared by changing the synthetic conditions ( Figure S7 in the Supplementary Information). The specific capacity of the PTp-COOH particles with a larger size decreased for all current densities (Fig. 4a) . The same trend was observed for the PPy particles, even though the + is shortened by the decrease in the particle size, a higher specific capacity is achieved with the nanoparticles. After 1000 cycles, the PTp-COOH nanoparticles showed specific capacities of 147 mAh g -1 and 98.5% of the Columbic efficiency at 500 mA g -1 (Fig. 4b) . The specific capacity varied within approximately 20% during 1000 cycles. Since a large volume change with the incorporation of multiple Li + ions occurs in the PTp-COOH nanoparticles, the specific capacity has slight variations during cycling. The results indicate that a reversible and stable redox reaction was achieved on the PTp-COOH nanoparticles.
The structures and morphologies of PTp-COOH were studied after reduction at 0.01 V and subsequent oxidation at 3.0 V by chronoamperometry ( Figure 5 and Figure S8 in the Supplementary Information) . The FT-IR spectra suggest that the absorption corresponding to the C-C stretching vibration in the aromatic ring and the O-Li stretching vibration increased after the reduction at 0.01 V and then recovered after oxidation at 3.0 V (the white and black arrows, respectively, in Fig. 5a ). The results indicate the incorporation of Li + with the reduction of the conjugated main chain of PTp-COOH (Fig. 1c) . Although the volume changes of the PTp-COOH nanoparticles were observed in the SEM images ( Fig. 5b-d) , the nanoparticle morphology was maintained after the redox reaction. PTp-COOH nanoparticles approximately 150 nm in size were set on a copper plate (Fig. 5b) . The grain boundary was not clearly observed after reduction at 0.01 V (Fig. 5c ), but the nanoparticle Figure S3 and Table S4 in the Supplementary Information Table 1 Specific capacity and molar ratio of Li a These values are data from the charge-discharge curves without any correction b Since conductive carbon has a specific capacity in the electrode, the specific capacity was subtracted from the observed values by the method shown in Figure S4 in the Supplementary Information c The x value was defined as the molar ratio of the electrochemically incorporated Li + to the monomer unit (x) in the redox reaction This means that Li + on the carboxylate group was not counted in the x value morphology was recovered after oxidation at 3.0 V (Fig. 5d) . These volume changes are ascribed to reversible reactions with multiple Li + ions.
Discussion
PTp-COOH nanoparticles showed a high performance. The present results suggest that both the molecular structures and morphologies influence the electrochemical properties. In previous works 16, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , the electrochemical properties of conductive polymers were not fully studied within 3.0-0.01 V. Since the nanoscale morphologies were not fully controlled, the electrochemical properties of conductive polymers for potential application as anodes have been overlooked in previous works. The advantages of nanostructures have been well studied in active materials based on inorganic compounds 57 . The present work suggests that a similar design strategy can be applied to organic active materials with enhanced electrochemical properties. Nanostructures shorten the diffusion distance of electrons and Li + in the active material compared with that in the bulk structure. This effect contributes to improving the specific capacity and rate performance. Since nanostructures lower the influence of the volume changes that occur during redox reactions with multiple Li + , the cycle stability and rate performance can be improved compared to those of the bulk materials. If the aggregation of the nanostructures is inhibited by the hierarchical morphology design, the effective diffusion pathway of the electrolyte solution is ensured in the electrode. The present results indicate that the morphologies influence the electrochemical properties of organic active materials.
On the basis of the present results, conductive polymers have two types of redox reactions of the heteroaromatic ring with Li + , such as n doping with Li + (Fig. 1b) and further lithium incorporation (Fig. 1c) . Moreover, PPy-COOH and PTp-COOH have a carbonyl group for lithium alkoxylation (Fig. 1c) . The reaction with Li + within 3.0-1.0 V is ascribed to the n doping of the conductive polymers (Fig. 1b) 16, 29 . Further reduction of the Fig. 4 Cycle stability, rate performance, and particle-size effect of PTp-COOH. a Relationship between the specific capacity and the current density of PTp-COOH nanoparticles approximately 200 nm in size (circles) and microparticles 1 μm in size (triangles). The PTp particles with a larger size have no specific capacity data at a current density higher than 500 mA g -1 because the specific capacity of the polymer itself was not observed after subtracting the specific capacity originating from conductive carbon. The specific capacity of the PTp-COOH nanoparticles was reproducible ( Figure conjugated heteroaromatic ring induces the incorporation of Li + in the potential range lower than 1.0 V (Fig. 1c) . In addition, lithium alkoxylation proceeds with Li + on the carbonyl substituent in the conjugated part 41 . If one Li + completely reacts with the carbonyl group of PPy-COOH and PTp-COOH, the x increased by 1 compared with the x of PPy and PTp. However, the increment of x with the introduction of the carbonyl group was larger than 1, i.e., 3.03 for PPy-COOH and 4.53 for PTp-COOH, within 3.0-0.01 V. The results indicate that the carboxy groups on the Py and Tp rings promote n doping and lithium incorporation reactions in the conjugated main chain to enhance the specific capacity ( Table 1) .
The introduction of carboxy groups improves the electron acceptability of PPy-COOH and PTp-COOH. Electron acceptability involves the energy levels of the unoccupied molecular orbitals of these conductive polymers. A previous work showed the correlation between the reduction potential and the energy level of the lowest occupied molecular orbital (LUMO) [58] [59] [60] . In the present work, the energy levels of the unoccupied molecular orbitals of the tetramers of Py, Py-COOH, Tp, and Tp-COOH were studied by DFT calculations (Fig. 6 and Table S5 in the Supplementary Information). The introduction of the carboxy groups induced an increase in the number of unoccupied molecular orbitals near the LUMO level (Fig. 6) . In other words, the orbitals near the LUMO level were approached in the tetramers of Py-COOH and Tp-COOH (the arrows in Fig. 6 ). The calculation results imply that the electron acceptability for the reaction with Li + is enhanced for PPy-COOH and PTp-COOH. In addition, the lower LUMO level of the Tp-COOH tetramer promotes the introduction of more Li + than that of the Py-COOH tetramer (the red lines in Fig. 6 ). The LUMO level itself and orbitals near the LUMO level are involved in the electron acceptance in the reactions with Li + . The DFT calculations suggested that a multistage reaction with Li + proceeds on the conjugated main chains (Fig. 7) . A higher electron density was achieved on the conjugated main chain of the monomer and tetramer (the negative values and orange arrows in Fig. 7 ). Since the monomer and tetramer showed similar electron-density distributions, similar results can be obtained for polymer states with the elongation of the chain length. These results imply that multiple Li + ions, namely, three or four, can be introduced to PTp-COOH. Further study is required to understand the relationship between the functional groups, molecular orbitals, and electrochemical properties. In this way, PPy-COOH and PTp-COOH showed high specific capacities as anodes based on three types of reactions within 3.0-0.01 V. Moreover, molecular design of conductive polymers has the potential to further enhance the specific capacity.
A variety of high-performance anodes based on organic materials has been reported in previous works (Tables S1,  S2 and Figure S9 in the Supplementary Information) [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . Although a high specific capacity was reported for organic anodes based on low-molecular-weight compounds (Table S1 in the Supplementary Information) 41-51 , their cycle stability was not studied and determined. The polymer-based organic anode possesses cycle stability (Table S2 in the Supplementary Information) [52] [53] [54] [55] [56] . The present PTp-COOH nanoparticles showed one of the best performances, including the specific capacity and cycle stability, of the polymer-based organic anodes ( Figure S9 in the Supplementary Information). In previous works, further designing the specified molecules and morphologies of polymer-based anodes to enhance the electrochemical properties was not easy. The present work shows the potential of heteroaromatic conductive polymers as high-performance anodes. The design of the molecules and morphologies facilitates a further enhancement of the electrochemical properties.
Conclusions
Conductive-polymer nanostructures, such as PPy-COOH and PTp-COOH, have stable and reversible redox reactions with Li + charge and discharge within 3.0-0.01 V vs. Li/Li + . In particular, the nanostructures play important roles in the enhanced electrochemical properties. The PTp-COOH nanoparticles showed a high specific capacity of 963 mAh g -1 with an incorporation of (Table S5 in the Supplementary  Information) 4.53 Li + into the monomer at a current density of 20 mA g -1 . The high specific capacity is ascribed to multistage redox reactions with Li + , such as n doping, lithium alkoxylation on the carbonyl group, and lithium incorporation in the heteroaromatic ring. The PTp-COOH nanoparticles showed cycle stability at a higher current density. A decrease in the particle size contributed to an improvement in the specific capacity by shortening the diffusion distance. The PTp-COOH nanoparticles showed a high electrochemical performance combined with a high specific capacity and cycle stability. The present study showed the potential of conductive polymers as lithiumion battery anodes. Further design of molecules and morphologies will realize high-performance organic charge storage devices based on conductive polymers.
